PKC is activated on the cell membrane by phospholipids, thereby transducing signals to intracellular pathways. We provide here another function of PKC, namely, regulating cell cycle by interaction with the cyclin E/ cdk2/p21 complex. Among the 10 isoforms of PKC, PKCZ is predominantly expressed in squamous cell epithelia and induces terminal dierentiation of keratinocytes. PKCZ that is endogenously expressed or overexpressed was found to associate with the cyclin E/cdk2/p21 complex in keratinocytes of mice and humans. Requirement of a possible adaptor protein to the binding was suggested by the reconstitution of PKCZ and the cyclin E/cdk2/p21 complex which were prepared from human keratinocytes or Sf9 insect cells. Colocalization of PKCZ with cdk2 and cyclin E was observed in the cytoplasm, particularly in the perinuclear region. p21 was phosphorylated in the complex in a PKC-activator dependent manner. Association of PKCZ with cdk2 resulted in marked inhibition of cdk2-kinase activity when measured by phosphorylation of Rb. Dominant negative PKCZ associated with the cyclin E/cdk2/p21 complex, but caused a little inhibition of cdk2 kinase activity. Among the known regulatory mechanisms of cdk2 activity, dephosphorylation of Thr160 was demonstrated. Oncogene (2000) 19, 6334 ± 6341.
Introduction
Protein kinase C (PKC) is a family of serine/threonine kinases, playing a central role in regulation of cell growth, dierentiation and transformation. The PKC family consists of 10 isoforms and is classi®ed into three major groups according to their structure and activation mechanism (Nishizuka, 1988 (Nishizuka, , 1992 . These are the Ca 2+ -, phosphatidylserine (PS)-, and diacylglycerol (DG)-dependent conventional PKC (a, bI, bII and g isoforms), the Ca 2+ -independent novel PKC (d, e, Z and y isoforms), and the Ca 2+ -and DG-independent atypical PKC (z and l/i isoforms). Some of these isoforms, e.g., PKCa, PKCd and PKCz, are distributed ubiquitously in almost all tissues, whereas the others are localized in a tissue-or cell-type-speci®c manner.
PKCZ can be cited as a good example of a PKC with a tissue-speci®c expression. Unlike other members of the PKC family, PKCZ is expressed predominantly in the squamous cell epithelia closely associated with squamous cell dierentiation (Osada et al., 1990 (Osada et al., , 1993 . PKCZ is unique in that it is activated, along with DG and phorbol esters, by cholesterol sulfate, a metabolite of cholesterol formed during squamous cell dierentiation (Ikuta et al., 1994) . We previously demonstrated that adenovirus-mediated expression of PKCZ induces dierentiation of normal human keratinocytes (NHK cells), while its dominant-negative form counteracts the induction of dierentiation . All the lines of evidence, mainly generated from our laboratory, demonstrate that PKCZ is crucially involved in terminal dierentiation of keratinocytes by inducing dierentiation phenotypes and arresting the cell cycle at G1 phase. In addition to epithelial cells, PKCZ has been recently shown to be expressed in pro-B cells and thymoma cells of mice, suggesting possible functions in regulation of blood-borne cells (Morrow et al., 1999; Resnick et al., 1998) .
It is well established that PKC is activated by DG formed through phosphatidylinositol turnover at the plasma membrane in response to a wide variety of extracellular stimuli. Another regulatory mechanism has been proposed in which PKC is activated by phosphorylation of the activation loop through PDK1 in a phosphoinositide-3-kinase-dependent manner (Le Good et al., 1998) . On the other hand, accumulating evidence indicates that PKC associated with a variety of cellular proteins, implying that in addition to interactions with membrane lipids, protein-to-protein interactions also mediate physiological functions of PKC. Proteins that interacts with PKC molecules include: proteins localizing PKC molecules to a speci®c intracellular site, e.g., RACKS and RICKS (MochlyRosen and Gordon, 1998); protein kinases, e.g., Raf1, Btk, S6 kinase, PKD, PDK1, PKB and Fyn (Doornbos et al., 1999; Le Good et al., 1998; Romanelli et al., 1999; Ron et al., 1999; Ueng et al., 1997; Waldron et al., 1999; Yao et al., 1994) ; substrate proteins, e.g., MARCKS and STICKS (Chapline et al., 1998; Fujise et al., 1994) ; and other proteins with unique functions, e.g., VHL, ASIP, RIP, ZIP, RAC, Stat3, Par-4 and PICK1 (Diaz-Meco et al., 1996; Izumi et al., 1998; Jain et al., 1999; Konishi et al., 1994; Pal et al., 1997; Puls et al., 1997; Sanz et al., 1999; Staudinger et al., 1997) . However, physiological signi®cance of these PKC-protein interactions has not been clearly illustrated.
In the present study, we demonstrate several lines of evidence that the PKCZ associates with the cyclin E/ cdk2/p21 complex, phosphorylates p21 in the complex and inhibits the cdk2 kinase activity in NHK cells, indicating its involvement in the regulation of cell cycle.
Results
We previously reported that overexpression of PKCZ by the Ax-adenovirus vector induced dierentiation and G1 arrest in NHK cells and in BALB/MK2 mouse keratinocytes Ohba et al., 1998) . The PKCZ-induced G1 arrest was accompanied by a decrease in cdk2 kinase activity, while the protein expression level remained unchanged . These eects were found only in cells that express PKCZ endogenously, i.e., in human and mouse keratinocytes, but not in ®broblasts.
Association of PKCZ with cyclin E/cdk2/p21
We found that an 80 kD protein was coimmunoprecipitated with a cdk2 antibody from the Ax-PKCZinfected NHK cells (Figure 1a ). The possibility that this 80 kD protein is PKCZ was indicated by immunoblotting ( Figure 1b) . Antibodies against cyclin E and p21 also coimmunoprecipitated PKCZ ( Figure  1b ,c), whereas antibodies against cyclin A, D and cdk4 did not (data not shown). In the immunoprecipitates of PKCZ, the components of the cyclin E/cdk2/p21 complex were detected but with low reproducibility (data not shown). Association with the cyclin E/cdk2 complex was further demonstrated with endogenously expressed PKCZ in BALB/MK2 mouse keratinocytes, in which cdk2 was coimmunoprecipitated with the antibody against PKCZ (Figure 1d ). Failure in coimmunoprecipitation with some antibodies may possibly be due to the low anity of the antibodies used and less amounts of the antigens present in the cells.
We used Ax-dominant negative PKCZ (Ax-DNZ), in which lysine at the ATP-binding site was replaced by alanine. As seen in Figure 1b ,c, association with the cyclin E/cdk2/p21 was also observed in NHK cells infected with Ax-DNZ, although weaker than the wild type Ax-PKCZ. Furthermore, the association was found to be isoform-speci®c: PKC molecules were also coimmunoprecipitated with cdk2 from NHK cells infected with Ax-PKCd but not from those with AxPKCa, -PKCe or -PKCz (data not shown). We found that association of PKCZ with the complex was not limited to keratinocytes. PKCZ was coimmunoprecipitated by cdk2 antibodies from Ax-PKCZ-infected TIG human diploid ®broblasts and COS1 cells (data not shown).
The association of PKCZ with the cyclin E/cdk2/p21 complex was further demonstrated by 3-D deconvolution analysis under a¯uorescence microscope. As seen in Figure 2 , the immuno¯uorescent signal of PKCZ was strongest in the cytoplasm around the nucleus in dierentiated large cells, while no signals were detected in the nucleus, consistent with our previous report that PKCZ was localized in the rough endoplasmic reticulum and the outer nuclear membrane of NHK cells . The cyclin E and cdk2 were found both in the nucleus and in the cytoplasm. Essentially the same localization was observed in AxlacZ-infected NHK cells (Figure 2c,d ). Merged images of PKCZ and cyclin E or cdk2 show colocalization of these molecules in the cytoplasm, particularly in the perinuclear region.
The association of PKCZ with the cyclin E/cdk2/p21 complex was unlikely due to their direct association. A yeast two-hybrid assay revealed no b-galactosidase activity in the L40 yeasts expressing fusion proteins of LexA-PKCZ and of GAL4 activation domain-cdk2 or -p21, suggesting the absence of direct interaction between PKCZ and cdk2 or p21 (data not shown). The presence of a mammalian cell-type speci®c adaptor protein(s) was suggested by the following experiments.
In the experiments shown in Figure 3a , the endogenous and ectopic cyclin E/cdk2/p21 complexes were prepared from NHK cells and from Sf9 cells infected with their baculovirus vectors, respectively, and absorbed to protein G-sepharose beads preloaded with a cdk2 antibody. The complexes were subjected to the binding assay using crude cell lysates containing PKCZ prepared either from Ax-PKCZ-infected NHK cells or from baculovirus-PKCZ-infected Sf9 cells. The endogenous cyclin E/cdk2/p21 complex of NHK cells was found to associate with both NHK-PKCZ and Sf9-PKCZ. However, the ectopic complex of Sf9 cells associated only with NHK-PKCZ. The DNZ prepared from NHK cells also associated with the complex (data not shown). Similarly, PKCZ from NHK cells, but not the ectopic one from Sf9 cells, was found to associate with GST-cdk2 ( Figure 3b ). These results suggest the requirement of an endogenous factor(s) in NHK cells for the association of PKCZ with the cyclin E/cdk2/ p21 complex.
Inhibition of cdk2 kinase activity
Association of PKCZ with the cyclin E/cdk2/p21 complex resulted in inhibition of cdk2 kinase activity when measured phosphorylation of Rb protein in a cell free system using the C terminal peptide (GSTRbC) as a substrate and also in an intact cell system by immunoblotting of Rb protein. As shown in Figure  4b ,c, phosphorylation of GST-RbC by the immunoprecipitates with anti cdk2 or cyclin E remarkably decreased 36 h after infection with Ax-PKCZ. Similar inhibition of cdk2 kinase was also observed when H1 histone was used as a substrate (data not shown). The inhibition of cdk2 kinase activity was demonstrated further by the phosphorylation status of Rb protein: the hyperphosphorylated Rb protein level decreased while that of the hypophosphorylated one increased with the expression of PKCZ (Figure 4d ). During this period, the expression of cdk2 and cyclin E protein remained unchanged (Figure 4b ,c). These results indicate that PKCZ associates with cyclin E/cdk2/ p21 complex, resulting in inhibition of cdk2 kinase activity.
Inhibition of cdk2 kinase activity was also demonstrated in a reconstitution experiment, in which cyclin E/cdk2/p21 complex prepared from NHK cells were incubated with PKCZ partially puri®ed from Ax-PKCZ infected NHK cells in the presence of GSTRbC as a substrate (Figure 4e ).
Inhibition of cdk2 kinase activity was speci®c to the PKCZ and also to epithelial cells that express PKCZ endogenously. PKCd was found not to inhibit the cdk2 kinase activity though it associated with cdk2 (data not shown). When infected with Ax-PKCZ, the inhibition of cdk2 kinase activity was noted in HaCaT human keratinocytes and BALB/MK2 mouse keratinocytes, but not in TIG human diploid ®broblasts (data not shown). These results suggest that inhibition of cdk2 kinase activity is cell type-speci®c, although the association of PKCZ with the complex is not limited to keratinocytes.
Phosphorylation of p21 by PKCZ
DNZ associated with the cyclin E/cdk2/p21 complex, but caused a little inhibition of the cdk2 kinase activity (Figure 4b, c, d) , suggesting the possibility that the inhibition was mediated by a substrate protein(s) of PKCZ. In the experiment shown in Figure 5a ,b, immunoprecipitates with cdk2 or p21 were incubated with [g-32 P]ATP in the presence or absence of the activator of PKC, i.e. PS plus 12-O-tetradecanoylphorbol-13-acetate (TPA), subjected to SDS ± PAGE and autoradiography. Along with autophosphorylation of PKCZ, proteins of 20 and 21 kD were found to be phosphorylated in an activator-dependent manner. The 21 kD band was identi®ed as p21 by reimmunoprecipitation with anti-p21 antibody, suggesting possible involvement of phosphorylated p21 in negative regulation of cell cycle in keratinocytes, although a precise mechanism remained to be investigated.
Dephosphorylation of Thr160 of cdk2
There are at least four major mechanisms involved in inactivation of the cdk2 kinase, i.e., dephosphorylation of Thr160, phosphorylation of Thr14 and Tyr15, removal of cyclin E, and binding of cyclin-dependent kinase inhibitors (CKI) (Morgan, 1995) . To investigate a possible inactivating mechanism for cdk2, we ®rst examined the phosphorylation level of cdk2 by immunoprecipitation of 32 Pi-labeled proteins. As shown in Figure 6a , phosphorylation of cdk2 was markedly reduced in Ax-PKCZ-infected NHK cells in comparison with the controls with Ax-lacZ-or Ax-DNZinfected NHK cells. Along with cdk2, 21 and 36 KD proteins were found to be phosphorylated in the Ax-PKCZ-infected cells (data not shown).
Phosphorylation of Thr160 was monitored by the use of a speci®c antibody against phospho-Thr160 cdk2 peptide. As shown in Figure 6b , no phosphorylated Thr160 was detected when Ax-PKCZ-infected NHK cells were immunoprecipitated by the cdk2 antibody and subsequently immunoblotted by the antibody against phospho-Thr160 cdk2 peptide, while in the cells expressing LacZ or DNZ, the Thr160 level remained unchanged. Thr160 of cdk2 is known to be phosphorylated by CAK (cdk-activating kinase consisting of cyclin H, cdk7, and Mat1) and dephosphorylated by KAP (Fisher et al., 1995; 3) , followed by elution and immunoblotting. Top panel shows the association of PKCZ to the complex, while the lower three panels show the expression of each component of the complex. None of these bands were seen in the negative controls using IgG for immunoprecipitation (data not shown). (b) Association with GST-cdk2 of PKCZ prepared from NHK cells (lane 2) but not that from Sf9 cells (lane 4). PKCZ preparations described in Figure 2a were loaded on a GST-cdk2-Sepharose column and after extensive washing the bound protein was eluted, followed by SDS ± PAGE and immunoblotting of PKCZ (lanes 1, 3: GST column, lanes 2, 4: GST-cdk2 column) Oncogene PKCZ associates with cyclin E/cdk2/p21 complex M Kashiwagi et al Morgan, 1994; Poon and Hunter, 1995) . As shown in Figure 6c , the expression levels of cyclin H, cdk7, and Mat1 in Ax-PKCZ-infected-NHK cells were not changed as compared to non-treated or Ax-lacZinfected cells (data for Mat1 not shown). CAK activity was also unaected (Figure 6c ).
Among the other three regulatory mechanisms, dephosphorylation of Tyr15 and dissociation of cyclin E seem unlikely involved: the phosphorylation level of Tyr15 remained unchanged (Figure 6b ) and the expression level and cdc25A, a phosphatase for Tyr15 (Morgan, 1997) , were not changed (data not shown).
Discussion
In the present study, we demonstrated that PKCZ associated with the cyclin E/cdk2/p21 complex, phosphorylated p21 in the complex and inhibited the cdk2 kinase activity, leading to G1 arrest in keratinocytes. Association of PKCZ with the cdk2, cyclin E was further shown by their merged images under ā uorescence microscope, in which the association was mainly localized at the perinuclear region. Preliminary results suggest that possible binding region of PKCZ with the cyclin E/cdk2/p21 complex located in the C terminal C3 and D4 regions (data not shown). Association requires an, as yet, unidenti®ed adaptor protein(s) present in NHK cells. We found the association with the cyclin E/cdk2/p21 complex and the inhibition of cdk2 kinase was speci®c to PKCZ and keratinocytes. The association was less speci®c to PKC isoforms and cell-types as being seen with PKCd and with mesenchymal cell lines. However, the inhibition of cdk2 kinase was observed only with Ax-PKCZ infected keratinocytes, e.g., NHK cells, HaCaT cells, and BALB/MK2 cells. These results suggest that the association of PKCZ with the complex is prerequisite but not enough to inhibit the cdk2 kinase activity.
During the process of terminal dierentiation, a precise coordination between cell cycle arrest and dierentiation is needed. However, molecular and cellular mechanisms by which cell cycle is negatively regulated in terminally dierentiating cells have not been elucidated. Cell cycle arrest may be a result of induction of terminal dierentiation or vice versa. In the present study, we demonstrated that in NHK cells terminal dierentiation was achieved by two distinct mechanisms, which operated concomitantly, i.e., induction of dierentiation and of G1 arrest.
There are a number of studies demonstrating that PKC is involved in the progression of cell cycle in celltype-and isoform-speci®c manner. As for PKCZ, we have demonstrated previously that it caused G1 arrest in keratinocytes of mouse and human that express it endogenously Ohba et al., 1998) . In a synchronous culture system of BALB/MK2 mouse keratinocytes, we found that PKCZ was expressed highest in cells at G1/S boundary, suggesting its regulatory function in G1/S checkpoint . Livneh et al. (1996) reported that ectopic expression of PKCZ in NIH3T3 cells resulted in inhibition of cell cycle progression and at the same time induction of adipocyte dierentiation. In capillary endothelial cells, S phase progression was markedly inhibited by activation of PKCd possibly through the cyclin-dependent kinase inhibitor p27 (Ashton et al., 1999; Harrington et al., 1997) . Watanabe et al. (1992) reported that ectopic expression of PKCd inhibited progression of G2/M phase in CHO cells. In mouse mammary epithelial cells, endogenous PKCa transiently arrested the cells at G0/G1 phase which may be due to the increased transcription of p21 (Slosberg et al., 1999) . In these and other studies, the direct association of PKC molecules with regulatory machineries of cell cycle has not been demonstrated.
Progression of cell cycle is controlled by an intricate network of signal transduction pathways. Primary targets of this regulation are the G1 cyclin/cdk complexes, e.g., cyclin D/cdk4 and cyclin E/cdk2, which cooperate to control the G1/S transition through phosphorylation of Rb protein (Elledge, 1996; Morgan, 1997; Sherr, 1996; Weinberg, 1995) . Inactivation of cyclin/cdk complex can occur by dephosphorylation The cell lysates were immunoblotted with anti-Rb antibody and hyperphosphorylated (pp) and hypophosphorylated (p) Rb proteins were separated by 7.5% SDS ± PAGE. (e) Inhibition of cdk2 kinase activity in a reconstituted system. Immunoprecipitates with anti cdk2 antibody from NHK cells were incubated with PKCZ partially puri®ed from Ax-PKCZ-infected NHK cells. The cdk2 kinase activity was measured phosphorylation of GST-RbC and phosphorylation of speci®c residues. We demonstrated that Thr160 of cdk2 was dephosphorylated under the present conditions resulting in inactivation of cdk2 kinase activity. However, no obvious mechanisms were found that can explain dephosphorylation of Thr160.
Phosphorylation of p21 was known only on limited occasions. Jaumot et al. (1997) reported that p21 in the cyclin A/cdk2 complex was phosphorylated when immunoprecipitated with anti-cdk2 antibody. In keeping with this observation, the background phosphorylation of p21 was observed when the complex was immunoprecipitated with anti-cdk2 antibody but not with anti-p21 antibody (see Figure 5) . Recently, Scott et al. (2000) demonstrated in a cell-free system that Ser 146 and 160 in the C-terminal regulatory domain were phosphorylated by a PKC preparation, in which an isoform(s) was not speci®ed. Our preliminary study indicated that Ser 146 of p21 was phosphorylated by PKCZ and PKCd (unpublished data). Physiological signi®cance of phosphorylation of these serine residues remains to be elucidated.
The cyclin-dependent kinase inhibitor p21 is also known to play a role in control of dierentiation of several cell types (Missero et al., 1996; Yaroslavskiy et al., 1999; Zhang et al., 1999) . As for keratinocytes, Di Cunto et al. (1998) demonstrated inhibitory function of p21 in dierentiation of mouse keratinocytes, which did not result from the eects of p21 on the cell cycle. We demonstrated that p21 was phosphorylated in a PKCZ-dependent manner, and that the amount of p21 in the complex rather decreased with time of expression of PKCZ (data not shown). These ®ndings imply the possibility that p21 is a key mediator of PKCZ inducing terminal dierentiation and growth arrest in keratinocytes.
The present results provide new insights into the regulatory mechanisms of cell cycle progression and into physiological function of PKC. Further studies are needed for elucidation of the detailed mechanisms involved, including possible adaptor proteins for the association with the cyclin E/cdk2/p21 complex and a role(s) of phosphorylated p21 in regulation of cell cycle.
Materials and methods

Cell culture
The culture conditions for NHK cells, BALB/MK2 mouse keratinocytes, and Sf9 insect cells were described elsewhere (Ikuta et al., 1994; Ishino et al., 1998; Ohba et al., 1998) . TIG human diploid ®broblasts were cultured in Dulbecco's modi®ed Eagle's MEM supplemented 10% fetal calf serum.
Construction of adenovirus vector
Construction of adenovirus vectors, Ax-PKCZ, Ax-DNZ, Ax-PKCd, Ax-PKCa, Ax-PKCe and Ax-PKCz were described in detail elsewhere (Kuroki et al., 1999; Ohba et al., 1998) . Brie¯y, the full-length cDNA of PKCs, and bgalactosidase were inserted into pAxCAwt (Miyake et al., 1996) . By using these cosmid vectors, recombinant adenoviruses were generated through homologous recombination in 293 cells. The virus was puri®ed and titered according to Kanegae et al. (1994) .
Production of PKCZ, cyclinE, cdk2 and p21 in insect cells
Baculovirus expressing PKCZ was developed in our laboratory (Ikuta et al, 1994) . Baculoviruses expressing cyclin E, cdk2 and p21 were described elsewhere (Watanabe et al., 1998) . Sf9 cells were infected with the indicated viruses and after 48 h, lysed on ice in the lysis buer as previously described (Ikuta et al., 1994) .
Antibodies
We used the following antibodies: polyclonal anti-PKCZ (Santa Cruz Biotech); polyclonal and monoclonal anti-cdk2 . Background phosphorylation of p21 in the cdk2-immunocomplex(s) was reported (Jaumot et al., 1997) Oncogene PKCZ associates with cyclin E/cdk2/p21 complex M Kashiwagi et al (Santa Cruz Biotech., Upstate Biotech); polyclonal and monoclonal anti-cyclin E (Santa Cruz Biotech, Upstate Biotech); polyclonal anti-cyclin H (Santa Cruz Biotech); polyclonal and monoclonal anti-cdk7 (Santa Cruz Biotech); monoclonal anti-Mat1 (Transduction Laboratories); polyclonal and monoclonal anti-p21 (Santa Cruz Biotech, Pharmingen, NeoMarket, Transduction Laboratories); Polyclonal anti-Rb (New England Biolabs); polyclonal anti-phosphocdc2 (Y15) (New England Biolabs); polyclonal anti-phosphocdk2 (T160) was prepared (unpublished data); monoclonal anti-Flag (Eastman Kodak).
Immunoprecipitation and immunoblotting
The cells were lysed in the lysis buer on ice as previously described Ikuta et al., 1994) . The lysates were centrifuged and the resulting supernatants were subjected to immunoprecipitation and immunoblotting analysis. Brie¯y, the supernatants were incubated with antibodies for 1 h at 48C and the resulting immunocomplexes were collected by incubation with protein G-Sepharose for 1.5 h. The complexes were washed ®ve times in the lysis buer and boiled for 3 min in SDS sample buer. Proteins were separated by SDS ± PAGE, transferred to a nitrocellulose membrane, and blocked for 1 h in PBS containing 5% BSA. After incubation with the primary antibody for 1 h and then with the peroxidase-conjugated secondary antibody for 30 min, blots were developed with ECL (Dupont NEN.). In re-immunoprecipitation experiments, the samples were boiled for 5 min in 1% SDS, diluted 10-fold with lysis buer, and then re-immunoprecipitated with antibodies.
Immunofluorescence staining NHK cells were ®xed with 3.7% formaldehyde in PBS for 20 min and permeabilized with methanol for 10 min. After blocking with 3% normal serum, the cells were incubated with the primary antibody for 1 h and then with second antibody coupled to FITC or rhodamine for 30 min. Immuno¯uorescence was detected by 3-D deconvolution analysis under a¯uorescence microscope (Olympus).
Metabolic labeling
NHK cells were labeled with 0.1 m Ci ml 
Expression of GST proteins in E. Coli
The full-length cDNA of cdk2 and p21 and the C-terminal Rb (AA 792 to 928) were cloned into the plasmid pGEX-KG, and the GST fusion proteins were expressed in E. coli TG1 strain, followed by anity-puri®cation on a glutathionesepharose 4B column (Amersham-Pharmacia Biotech).
In vitro kinase assay
Immunocomplexes were prepared as described above and resuspended in 40 ml of a reaction buer (50 mM Tris-HCl at pH 7.4, 10 mM MgCl 2 , 1 mM dithiothreitol, 1 mM ATP, and 5 m Ci[g-32 P]ATP), and incubated for 10 min at 308C in the presence of 1 mM substrate (GST-RbC for cdk2 kinase assay, GST-cdk2 for CAK activity assay). In a reconstitution experiment, NHK-PKCZ was partially puri®ed according to Ikuta et al. (1994) , and incubated with the cyclin E/cdk2/p21 complex prepared as shown above. Kinase activity was measured by phosphorylation of GST-RbC. Possible substrates of PKC were determined by phosphorylation in vitro. The immunocomplexes were incubated in 50 ml of reaction buer (20 mM Tris-HCl at pH 7.5, 5 mM MgSO 4 , 1 mM EGTA, and 10 m Ci[g-32 P]ATP) for 30 min at 308C in the presence or absence of 25 mg ml 71 PS and 50 ng ml 71 TPA. Phosphorylated proteins were separated on 12 or 15% SDS ± PAGE gel and autoradiographed. Porthophosphate for 4 h from 32 to 36 h after the infection. The cell lysates were immunoprecipitated with normal rabbit IgG (IgG) or anti-cdk2 antibody in the presence (cdk2+pep) or absence (cdk2) of the immunizing peptide, followed by separation on a 12% SDS ± PAGE gel and autoradiography. The 32 P-labeled sample was re-immunoprecipitated with anti-cdk2 antibody (lane 6), (b) Phosphorylated states of Thr160 (T160) and Tyr15 (Y15) of cdk2 in NHK cells non infected or infected with Ax-PKCZ, -DNZ and -lacZ. The cell lysates were immunoprecipitated with normal rabbit IgG (IgG) or anti-cdk2 antibody (cdk2) 36 h after the infection, followed by immunoblotting with anti-cdk2 (cdk2), anti-phospho-Thr160-cdk2 (T160), and anti-phospho-Tyr15-cdc2 (Y15) antibodies. Note that in the Ax-PKCZ-infected NHK cells (WTZ), a band corresponding to Thr160 disappeared but that of Tyr15 remained unchanged. (c) Expression and activity of CAK and its components (cyclin H and cdk7). The cell lysates were prepared from NHK cells noninfected or infected with Ax-lacZ (LacZ), -PKCZ (WTZ) and -DNZ (DNZ) and immunoprecipitated with normal rabbit IgG (IgG) or anti-cyclin H antibody (cyclin H). Immunoprecipitates were assayed for kinase activity using GST-cdk2 as a substrate (top panel) and immunoblotted for the presence of cdk7 and cyclin H (middle and bottom panels) Yumi Kanegae and Izumu Saito (Institute of Medical Science, University of Tokyo). This work was supported in part by a Grant-in-aid for Cancer Research from the Ministry of Education, Science, Sports and Culture of Japan.
